Total hip replacement causes a short-term increase in the risk of mortality. It is important to quantify this and to identify modifiable risk factors so that the risk of post-operative mortality can be minimised. We performed a systematic review and critical evaluation of the current literature on the topic. We identified 32 studies published over the last 10 years which provide either 30-day or 90-day mortality data. We estimate the pooled incidence of mortality during the first 30 and 90 days following hip replacement to be 0.30% (95% CI 0.22 to 0.38) and 0.65% (95% CI 0.50 to 0.81), respectively. We found strong evidence of a temporal trend towards reducing mortality rates despite increasingly co-morbid patients. The risk factors for early mortality most commonly identified are increasing age, male gender and co-morbid conditions, particularly cardiovascular disease. Cardiovascular complications appear to have overtaken fatal pulmonary emboli as the leading cause of death after hip replacement. 
Introduction
The capacity for total hip replacement (THR) to improve pain, quality of life and functional outcomes, is widely recognised. 1 All surgery carries risk of some kind, including death. In THR performed to treat osteoarthritis in England and Wales, the risk of death in the 90 days following surgery is less than 1%. 2 Despite the clarity of mortality as an endpoint, its rarity in the immediate post-operative period makes it difficult to investigate, particularly within medium and small cohort studies. However, risk of death is of paramount importance to patients, their significant others and to healthcare providers. The risk of post-operative death needs to be accurately quantified and conveyed to patients in order to aid decision-making prior to surgery. In addition, modifiable patient and surgical risk factors should be identified, so that measures can be taken to address these factors. We aim to provide an overview of the current knowledge on mortality after THR by means of a systematic review of the literature.
Materials and Methods
Our review team used a rigorous systematic approach, following Meta-analysis Of Observational Studies in Epidemiology (MOOSE) guidelines, 3 for the critical evaluation of studies relating to mortality following THR. The primary outcome measures of this review are 30-and 90-day mortality rates, as these are commonly reported mortality indicators.
We included studies published in the English language quoting 30-or 90-day mortality following THR. Studies of mortality that only examined specific subgroups of patients undergoing joint replacement (such as THR for hip fracture, metastatic disease, revision joint replacement, mortality among patients with diabetes or rheumatoid arthritis, or extremes of age) were excluded. Studies quoting 'in-hospital' mortality or other data without specific 30-or 90-day mortality rates, were also excluded. In addition, we did not include comparative studies quoting only subgroup mortality data, as part of an investigation into the impact of a novel intervention on mortality, for example a thromboprophylaxis regime or rehabilitation programme. We did include studies reporting mortality following THR for osteoarthritis only, as > 95% of all THRs are performed for osteoarthritis. 4 Given the known temporal change in mortality rates, we limited our searches to publications within the last 10 years, since January 2003. The largest study of mortality after THR is, to our knowledge, an Using controlled vocabulary, we searched the terms, "mortality", "hip", and "replacement or arthroplasty". Further details of the search strategy are shown in Table I . We also searched the reference lists of articles identified by this search strategy and included additional studies deemed relevant. We selected publications from the past 10 years, but also considered commonly referenced and highly regarded older publications. Screening. A total of 484 records were identified from searching the literature; two reviewers independently screened the titles and abstracts of these records to identify potentially useful articles for inclusion in this systematic review. After screening, 32 studies were included and contributed data towards our aggregate estimate of mortality. A flow diagram of the progression of studies through this systematic review is provided in Figure 1 . Data extraction. The primary outcome was the incidence of mortality (either at 30 or 90 days post-operatively); and these data were extracted from the included studies. Study and participant characteristics were also recorded. In addition, we noted particular recurring themes of discussion, including the risk factors and common causes of mortality, and a summary is presented.
Statistical analysis. Because of the low prevalence of mortality in each study, the 95% confidence intervals were computed from a Poisson distribution. The pooled 30-and 90-day mortality rates were then estimated in meta-analyses.
Results
The 32 studies inform our estimate of post-operative mortality and include 1 129 330 patients. 2, The largest contribution of data was from a UK study. It was published in 2013 and contained 409 096 patients. 2 The smallest study contained 584 patients. 11 In all, 10 studies report large (> 10 000 participants) cohorts, and of these, eight were studies of the national joint registries or national databases. 2, 5, 7, 16, 17, 21, 22, 35 A total of 18 studies were from the USA, one from Canada and 13 from European centres. A total of 19 of the 32 studies have been published in the last three years.
What is the overall early risk of mortality after hip replacement?
In view of the heterogeneity between studies (I 2 93.0% and 98.2% for studies reporting 30-and 90-day mortality, respectively), and of the large number of potential risk factors for mortality influencing each study, we used a random effects model for our meta-analyses. These data were summarised in Figures 2 and 3 .
Using data from the 32 studies in this review, the overall 30-day and 90-day mortality following THR was 0.30% (95% CI 0.22 to 0.38) and 0.65% (95% CI 0.50 to 0.81), respectively.
We performed sub-group analyses to identify the source of the heterogeneity. Study size, median year of Study flow diagram data collection, geographical origin, and Medicare health insurance status were used to stratify the data in an attempt to identify the source. However, these subgroup analyses did not explain the heterogeneity. To contextualise the risk of mortality, we must compare it with that of a meaningful reference group. Studies providing standardised mortality ratios (SMRs) generally compare the observed mortality rate following THR with the expected mortality rate from an age-and sex-matched proportion of the general population not undergoing THR.
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Mahomed et al 35 report a 90-day SMR of 0.9 (95% CI 0.8 to 1.0) during the 90 days following THR, indicating fewer deaths than expected.
In the search for an appropriate comparison group, Hochberg 36 performed a systematic review of literature investigating mortality rates among patients with radiographically confirmed osteoarthritis. There was moderate evidence for an increased risk of death in patients with arthritis compared with the general population. However, weaknesses in the methodology of the studies on which this review is based, were acknowledged.
In the large population-based study of Nüesch et al, 37 all-cause mortality was greater among patients with hip or knee arthritis compared with the general population: SMR 1.55 (95% CI 1.41 to 1.70). In particular, the incidence of cardiovascular-related mortality was high amongst patients with arthritis: SMR 1.71 (95% CI 1.49 to 1.98). In this study, SMRs were calculated using expected rates from whole population mortality data obtained via the Office for National Statistics (London, United Kingdom). A reduced capacity to exercise and the use of nonsteroidal anti-inflammatory drugs in the arthritis group may partly explain these findings. Due to perceived risks of surgery, the population selected for THR are likely to have a lower comorbidity score than the whole population of patients with arthritis. Parry et al 26 attempt to address this potential for selection bias by comparing 30-and 90-day mortality rates, both between patients on the waiting list, and following total knee replacement surgery. Although this study was in knee replacement patients, it is noteworthy because of its methodology. Mortality was significantly greater in both the 30-and 90-day periods following surgery, compared with the same periods prior to surgery. The 30-day mortality was 0.0683% in the waiting list group and 0.37% following surgery (a five-fold increase). At 90 days, the mortality was 0.39% in the waiting list group and 0.79% following surgery.
The mortality rate in the waiting list group in this study was also lower than the SMR of the general population. 26 This is known as the 'well-patient effect,' i.e. a selection bias towards well patients exists amongst those listed for surgery, who therefore benefit from an apparently reduced risk of mortality. [38] [39] [40] This well-patient effect may also explain why numerous studies demonstrate improved long-term survival lasting up to 20 years following joint replacement surgery when compared with the matched general population. [38] [39] [40] [41] [42] [43] It is currently speculative to assume some health benefit is directly related to the procedure itself.
What temporal trends exist?
There is strong evidence to suggest that mortality rates following THR are decreasing. Hunt et al 2 found a steady decrease in 90-day mortality from 0.56% in 2003, to 0.29% in 2011. These findings were based on a cohort of 409 096 patients with primary THRs from the National Joint Registry (NJR) for England and Wales, 4 and are consistent with trends from a cohort of 1 453 493 Medicare patients in the USA. 5 This study also showed a steady decline in 90-day mortality, from 1.2% in 1991 to 0.8% in 2008. 5 The most recent Scottish Arthroplasty Project also reports the lowest 90-day mortality rates (< 0.5%) they have ever observed. 44 Of the studies included in this review, four investigated the relationship between co-morbidity burden over time. All of these studies observed an increasing co-morbidity burden in patients undergoing THR. 5, 18, 45, 46 Reports were varied regarding the changing age demographic within primary THR. Two studies noted increasing age, 5, 18 and two report decreasing age. 15, 46 The mean age of the THR patient has, however, remained steady in the Scottish Arthroplasty Project, 44 highlighting local differences in demographics and practice.
For how long is mortality risk elevated?
Barrett et al 38 identified an increased risk of death immediately following surgery. They noted a crossing of survivorship curves before 90 days, when patients after THR were compared with an age and sex-matched population, including an attempt to control for comorbidities. Pedersen et al 17 studied the Danish registry and identified a 30-day period of increased mortality immediately after THR surgery, but overall 90-day mortality was significantly lower than the age-, sex-and co-morbidity-matched general population (mortality rate ratio 0.8 (95% CI 0.7 to 0.9)).
In these studies, the cumulative risk of mortality must, by definition, lag behind the true daily risk. The study by Lie et al of 188 110 joint replacements in the Norwegian and Australian joint registries attempted to address this. They identified an excess mortality of 0.12% lasting for 26 days (95% CI 0.11% to 0.14%). After this period, daily mortality fell back to the baseline rates observed within the matched general population. The lack of adjustment for the well-patient effect in this study may artificially serve to reduce the observed period of increased risk.
In their analysis of the NJR for England and Wales, Hunt et al 2 included a graph of smoothed Nelson-Aalen cumulative hazard estimates, which showed the changing risk of death over the first 90 post-operative days. The risk is highest in the first 30 days, and plateaus at around 90 days, suggesting that risk has returned to its baseline level in patients undergoing THR.
What are the common causes of mortality?
There appears to be a shift away from historical series such as that of Coventry et al 47 in 1974, which quoted a mortality rate of 3% to 6% from pulmonary embolus alone. 48 More recently, Blom et al 49 reported a series of 1727 primary THRs performed with mechanical but no routine chemical thromboprophylaxis. Mortality within 90 days of surgery was 1%, however the risk of fatal pulmonary embolism within this time frame was 0.11%. Of the deaths that occurred in this series, ischaemic heart disease accounted for the majority (41.1%), followed by cerebrovascular accidents (23.1%), and pulmonary embolism (11.8%). 49 Of the nine studies in this review reporting cause of mortality, eight identified cardiovascular causes (generally myocardial infarction or heart failure) as the leading cause of death, [7] [8] [9] 12, 14, 16, 18, 28 and in one small study, cerebrovascular accident was the leading cause of death. 33 Cardiovascular disease is repeatedly cited as the leading cause of death following THR in modern series, followed by cerebrovascular disease or fatal pulmonary embolus. 8, 10, 14, 23, 24, 30, 34, [49] [50] [51] With longer follow-up, other causes such as malignancy, appear to become a significant cause of mortality. 17 This pattern of mortality causation is reflected by the incidence of adverse events after THR. In the study by Singh et al, 18 the incidence of cardiac complications was 6.9%, and thromboembolic complications 4.0%, within 90 days of THR
What are the risk factors for mortality?
Non-modifiable. There is strong evidence to suggest increasing age and male gender predispose to premature mortality following THR. 2, 6, 12, 21, 22, 34, 25, 52 In Blom et al's study, 49 risk of death was stratified by age. The 30-day mortality for the under 70 years age group was 0.00%, for the 70 to 79 year group it was 0.48%, and for the > 80 age group it was 1.43%. 49 The association between increasing age and mortality following THR was consistent in the studies we identified. Although most studies also identified an association between male gender and increased mortality, two did not. 8, 28 The 30-day risk of mortality reported in the tenth (2013) Annual Report of the National Joint Registry for England, Wales and Northern Ireland ranges from 0.06% for woman aged < 55 years to 1.18% for men aged over 80 years. Modifiable patient factors. Several studies examined risk factors for mortality following THR by controlling for confounding variables using multivariate logistic regression analyses. The studies in this review found that an American Society of Anaesthesiologists risk score > 3, 6, 8, 14 Charlson co-morbidity index > 3, 8, 12, 16, 21, 35 use of general anaesthesia, 2, 8 and prior cardiovascular disease, 9, 12, 14, 16 were risk factors for mortality. Comba et al 14 report that cardiovascular disease increased the risk of mortality eight-fold (odds ratio 8.83; 95% CI 1.78 to 43.6) . Studies looking at earlier, peri-operative mortality, have identified pre-existing cardiovascular disease as a strong risk factor for early mortality after THR. 52, 53 Bozic et al 16 performed a study using a multivariate cox regression analysis to identify hazard ratios (HR) for 90-day mortality using a 5% sample of the US Medicare population. Patients with metastatic cancer (HR 3.14), hemiplegia or paraplegia (HR 2.62), congestive heart failure (HR 2.11), dementia (HR 2.04), renal disease (HR1.98), psychosis (HR 1.85), cerebrovascular disease (HR 1.40), and chronic pulmonary disease (HR 1.32) were all statistically significantly associated with mortality up to 90 days. 16 Hunt et al 2 demonstrated a 10-fold increased risk for patients with moderate to severe liver disease, a three-fold increase following myocardial infarction and a two-fold increase following diabetes with complications and renal disease.
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Is body mass index (BMI) a risk factor for mortality after THR?
Data from Hunt et al's 2 analysis of the NJR for England and Wales showed that a BMI of 26 kg/m2 to 30 kg/m2 was associated with lower 90-day mortality, compared with patients with a normal BMI (defined as 19 kg/m2 to 25 kg/m2; HR 0.76 (95% CI 0.62 to 0.92). This was consistent with the study of Jämsen et al, 6 and although not statistically significant, the study of Bozic et al identified a trend towards reduced mortality in overweight patients. 16 Huddleston found that obesity was associated with increased adverse events (p < 0.032), but did not identify a statistically significant association with mortality. 15 Nüesch et al 37 also found a protective effect of obesity on overall mortality in patients with osteoarthritis in univariate analysis, and although not statistically significant, the same trend was observed by multivariate analysis. The paradoxical protective effect of obesity on survival has been observed for other chronic conditions. [54] [55] [56] [57] This is known as the 'obesity paradox.' Whereas obesity itself is associated with an increased risk of developing conditions such as coronary artery disease or hypertension, once the condition is manifest, obesity protects against premature mortality when compared with non-obese patients.
Is the mortality after revision surgery comparable to primary hip replacement?
Aynardi et al 25 reported mortality rates in a series of 7478 THRs, consisting of both primary and revision cases. The overall relative risk of mortality with revision THR was 1.24% at 90 days, compared with 0.41% following primary surgery. When stratified by age, with which the absolute risk of mortality for both primary and revision surgery increased, the relative mortality risk after revision compared with primary THR decreased within each age group. 25 The study of Dearborn and Harris 58 reported an overall post-operative mortality rate of 0.3% (eight deaths), with a rate of 0.2% (four deaths) after 2103 primary THRs and a rate of 0.6% (four deaths) after 633 revision THRs. 58 Some studies did not report a difference, probably due to a lack of statistical power.
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Difference in mortality between hip and knee replacements
A total of seven studies reported unadjusted mortality data for THR and TKR. 11, 12, 18, 21, 24, 32, 33 Six of these studies report a slightly higher mortality following THR. The overall difference in 30-and 90-day mortality rates following THR and TKR did not reach statistical significance (p = 0.30 and 0.30 respectively) (Table II and Table III) .
Does hospital/surgeon volume influence mortality?
Some studies have suggested an association between low surgeon or hospital volume and increased mortality after THR. [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] Many of these studies have been performed in the United States, where differences in the organisation of healthcare and individual surgical practices mean that these data may not be generalisable to practice in other settings. Singh et al 19 studied death rates after THR in an American region according to hospital volume, using a multivariate analysis to control for age, gender, co-morbidity, insurance provider, and geographical region. Although no difference in 30-day mortality was identified between hospitals of varying volume, the largest volume units (> 200 THR/year) had the lowest one-year mortality. In the Canadian study of Paterson et al 21 , no relationship was identified between provider volume and mortality.
de Vries et al 71 examined the association between unit procedure volume and complications after THR in a national study of all Dutch hospitals. Again, there was no significant association between volume and mortality. The lowest-volume group performed up to 100 THRs in a year, many more than low-volume groups used for comparison in other studies.
Chien et al 72 examined surgeon procedure volume, observing a lower rate of adverse events and mortality after THR in patients treated by surgeons who performed > 25 procedures per year when compared with surgeons performing < 10 per year (mortality rates 0.57% and 2.55% respectively, adjusted OR 0.23).
After examining the studies in this review, it is difficult to make any firm conclusion regarding the effect of surgeon or unit volume on mortality. Local differences in training, healthcare organisation, and the extremes of case volume may account for observed differences.
Limitations
When interpreting data on mortality following joint replacement, selection bias remains a key confounder. Multivariate analyses can only control for the confounding data that have been collected, and cannot eliminate all aspects of bias. Studies including hip fracture patients, revision hip replacement patients, high numbers of patients with state-funded Medicare insurance, particular comorbidities, or extremes of age, may explain the variation among reported mortality rates. For example, in studies which compare this subset of the population with the privately funded population undergoing THR, a higher mortality is noted amongst the Medicare population. 73 The complex relationship between socioeconomic status and outcomes following THR has been studied by Clement et al. 74 They identified an association between deprivation and outcomes such as dislocation and 90-day mortality.
Conclusion
THR is associated with a small increase in the risk of mortality in the immediate post-operative period, however, this risk appears to be reducing every year. The majority of excess mortality risk occurs in the first 30 days and has returned to baseline by 90 days. This reduction in mortality over time may be multifactorial, and is partially explained by the secular decline in mortality that has led to our ageing population. The introduction of the multidisciplinary pre-operative assessment clinic has been shown to reduce mortality following joint replacement. 75 Length of hospital stay also appears to be reducing, 45 and the incidence of serious adverse events is decreasing. 15 In addition, there has been a shift towards practices, such as spinal anaesthetic and routine thromboprophylaxis, that are associated with lower mortality. 2 In recent years, improved surgical safety and better post-operative care appear to have brought about a reduction in mortality following THR. Mortality will continue to change, affected by medical advancements, social factors and the organisation of health care as it continues to develop. It is likely that the trend for reduced mortality after THR will continue. Data presented here allow patients to make informed choices and allow clinicians to address modifiable surgeon and patient factors that contribute to mortality.
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